1.. INTRODUCTION
================

Mesenchymal stem cells (MSCs) are multipotent adult stem cells of mesodermal origin firstly characterized in 1970 \[[@R1]\]. MSCs can be isolated from different adult tissues, including bone marrow and adipose tissue \[[@R2]-[@R7]\]. Human MSCs (hMSCs) are thought to be one of the most useful cell sources for clinical application in tissue regeneration due to their ability to produce multiple cell types. Although hMSCs are normally in a quiescent state \[[@R8]\], in response to specific signals (i.e. tissue injury), they are capable of self-renewing to produce more hMSCs but also, of dividing asymmetrically producing lineage-committed progenitors that will differentiate into the required cell types. Although initially it was thought that MSCs were only able to give rise to the cell types found in the tissue they were isolated from, we now know that hMSCs not only are able to differentiate in a variety of cell types of mesodermal germ layer, such as adipocytes and osteocytes, but they can also differentiate into cells types of other germinal layers through a process known as "transdifferentiation" \[[@R5],[@R9]-[@R17]\] (Fig. **[1](#F1){ref-type="fig"}**). While hMSCs have a more restricted differentiation potential than embryonic stem (ES) cells, they show other great advantages. hMSCs can be easily sourced from adult tissues such as bone marrow, muscle and fat, and therefore, their use generally implies a lower risk of immune rejection. Additionally, their ability to transdifferentiate helps to create a microenvironment that favours tissue repair \[[@R18],[@R19]\]. In contrast to the known genomic instability of ES cells, there are few reports of oncogenic transformation in adult derived stem cells, and these cases are normally associated with long-term culture \[[@R20]\]. Moreover, the use of human MSCs is not subjected to the same ethical controversies as the use of human ES cells. Altogether, these unique characteristics have made of the MSCs the best candidates for cell therapy.

There are two different approaches for the application of hMSCs-based therapies in regenerative medicine. The first approach would consist in using these cells in their undifferentiated state, allowing the differentiation to take place at the site where the damage needs to be repaired. The downside of this strategy is the possibility of the cells differentiating towards cell types others than the required one at the repair site. To overcome this problem, a second approach is to differentiate the cells *in vitro* prior to their transplantation \[[@R7]\]. Although his second approach seems to be more appropriate and would involve lower failure risks, it requires a successful *in vitro* differentiation prior implantation. Thus, in order to attain the required cell identity minimizing the risk of oncogenic transformation we obviously require a deep understanding of all the regulatory mechanisms driving the differentiation process in hMSCs.

Differentiation of stem cells requires the activation of genes involved in the developing of a specific cell type on one hand and the suppression of specific sets of genes responsible for cell stemness on the other hand \[[@R21]\]. Since there are almost no difference between the coding sequences of MSCs and that of the specific cell types that they can give rise to, it seems clear that the differential gene expression that drives the appearance of different cell types is driven by epigenetic factors \[[@R22]\]. Epigenetic changes refer to reversible, heritable changes in gene regulation that occur without a change in DNA sequence. The more studied epigenetic factors include DNA methylation and histone modifications such as methylation, acetylation or ubiquitylation amongst others. Other epigenetic mechanisms are the regulation by non-coding RNAs, such as microRNAs, and mechanisms that control the higher-level organization of chromatin within the nucleus. These epigenetic modifications do not occur randomly but are carefully orchestrated \[[@R23]\]. Once in place, epigenetic changes can direct gene expression by modifying the accessibility of gene promoters and therefore facilitating (or avoiding) the recruitment of additional chromatin modifying enzymes or transcriptional regulators that would drive stem cell differentiation \[[@R24]-[@R28]\]. Indeed a recent study has demonstrated that the promoter regions of key genes in osteogenic differentiation such as *BMP2* (encoding Bone Morphogenetic protein 2) and *ALPL* (encoding Alkaline Phosphatase) are epigenetically locked in MSCs to prevent their expression in non-osteogenic cells \[[@R29]\]. These genes have high levels of DNA methylation and low levels of histone acetylation. The alteration of this pattern using demethylation agents or inhibitors of histone deacetylases leads to their transcriptional activation \[[@R29]\]. This idea of an epigenetic control of stem cell differentiation has been supported throughout the years by several studies using chromatin-modifying drugs that can alter the potential of pluripotent and multipotent stem cells to differentiate into several lineages.

Since most of the current therapies are clearly insufficient for repairing damaged bone, to control the ability of hMSCs to differentiate into bone forming cells is of special interest for skeletal tissue engineering. While significant progress has been made in unraveling the molecular regulation of hMSCs differentiation, the comprehensive role of epigenetic factors in the pathophysiology of skeletal diseases, such as osteoporosis, in humans is however mostly unknown at this time.

Osteoblast differentiation can be divided into distinct stages based on the markers expressed at each stage. The first step would consist in the lineage commitment and the formation of osteoprogenitors. This step is regulated by master transcription factors and the correspondent co-regulators, such as *RUNX2* (Runt related protein 2) and *BMP2*. The second step would consist in the proliferation of the osteoprogenitor cells with the expression of growth related genes. This step would be followed by the extracellular matrix maturation stage, where bone matrix proteins, such as Bone Sialoprotein (IBSP), Alkaline phosphatase (ALPL) and Collagen I (COL1A1) would be expressed. After the maturation, the extracellular matrix goes through the mineralization step that would require the expression of Osteocalcin (OCN) and Osteopontin (OPN).

Amongst all the factors involved in osteogenesis RUNX2 seems to be the master regulator since not only is involved in the regulation of most osteblastic specific genes, but also regulates the expression of its targets in response to different signals, incluiding, TGF-b, BMP and WNT signalling pathways, amongst others. Mutations in Runx2 lead to the arrest of osteoblast development and have severe skeletal defects. Subunit b of the core binding factor (CBFb) was the first known RUNX2 binding partner. However, it has been recently discovered that another transcription factor involved in the regulation of OCN, OPN, IBSP and COL1a1 can also cooperate with RUNX2 to for osteoblast-specific gene regulation. This factor is known as Osterix (OSX).

The canonical Wnt and BMP pathways seem to interact together at different steps of osteogenesis. BMP pathway operates early during osteogenesis to drive the differentiation of MSCs into osteoprogenitors. Later on, the function of Wnt signalling is to drive the differentiation of those osteoprogenitors towards osteoblastic fate. RUNX2 seems to have also a key role integrating these pathways.

2.. EPIGENETIC CHANGES AND OSTEOPOROSIS
=======================================

As we previously mentioned, the differentiation of hMSCs is achieved through functional interaction between transcription factors and epigenetic mechanisms. Changes in a specific epigenetic program may directly interfere with the differentiation process, ultimately giving rise to abnormal gene expression and the development of metabolic bone diseases or even, tumour formation \[[@R30]\]. Amid all bone diseases, osteoporosis is, by far, the most prevalent. This disease is suffered by millions of people around the world, affecting 1 in 3 women and 1 in 5 men over the age of 50 \[[@R31]-[@R33]\]. Moreover, osteoporotic fractures increase exponentially with advancing age and are a major cause of morbidity in the elderly, highlighting the clinical importance of this illness and its conception as a major problem in public health.

Osteoporosis is characterized by a decrease in bone mineral density (BMD) and the deterioration of bone microarchitecture. In order to maintain a correct bone homeostasis, the processes of bone formation, and bone destruction (known as bone "resorption") are carefully balanced (Fig. **[2](#F2){ref-type="fig"}**). Indeed, the onset of skeletal pathologies such as osteoporosis or osteoarthritis is produced by deregulation of the balance between bone formation, mediated by bone-forming cells (osteoblasts) and bone-resorbing cells (osteoclasts) (Fig. **[2](#F2){ref-type="fig"}**). Although it seems clear that the development of osteoporosis is correlated with an increase in bone resorption, this necessarily has to be associated with an insufficient bone formation to replace the destroyed bone. Therefore, we need to contemplate a possible defect in the activity of the osteocytes or bone-forming cells. Indeed, studies in osteoporotic individuals indicate both a deficient activity of the osteoblasts \[[@R34]\] together with an increase in the number of these cells becoming apoptotic \[[@R35],[@R36]\]. Overall, the latest findings point at the high relevance of epigenetic changes in complex diseases, especially those that, like osteoporosis, develop late in life. The increase of the necessary osteogenic activity to replace the bone being resorpted requires a correct proliferation and differentiation of the osteoblastic precursors from mesenchymal stem cells. It is possible that this inadequate response of the bone-forming cells to the increase in bone resorption could be directly related to alterations in the epigenetic landscape of genes driving the differentiation of hMSCs into osteoblasts.

MSCs can differentiate into adipocytes or osteoblasts amongst other cells lineages. In the last few years there has been increasing evidence pointing to the presence of a fatty bone marrow (accumulation of adipocytes) in patients with bone diseases such as osteoporosis (Fig. **[2](#F2){ref-type="fig"}**). The fact that these two processes (adipogenesis and osteogenesis) are mutually exclusive in MSCs was highlighted by the fact that inhibition of adipogenesis seems to improve bone development and repair \[[@R37],[@R38]\]. Since both adipose and bone cells are differentiated from MSCs, it seems clear that this particular disease could be a reflection of an imbalance between adipogenesis and osteoblastogenesis (Fig. **[2](#F2){ref-type="fig"}**). Although the molecular mechanisms determining whether a MSCs would differentiate into osteoblast or adipocyte lineage are still unclear, recent works seem to highlight the importance of epigenetic factors in this cell fate decision \[[@R39]\]. Therefore, understanding the epigenetic mechanisms governing this balance seems of the upmost importance in order to target and treat this disease. Since the activity of epigenetic factors is susceptible of being chemically modulated, they constitute perfect targets to control gene expression and thus, the identification of key epigenetic changes together with the prospect of modulate their activity holds great potential for the treatment of osteoporosis and other metabolic bone diseases.

3.. EPIGENETIC MECHANISMS REGULATING OSTEOGENESIS
=================================================

The differentiation of osteoblasts from MSCs is accompanied by profound changes in gene expression. It has been shown that two important epigenetic mechanisms, histone modification and DNA methylation have a key role regulating the expression of several genes associated with the osteogenic potential of MSCs as well as with the regulation of different stages of osteoblast differentiation.

High throughput analyses have recently characterized the global changes in gene expression and epigenetic landscape upon differentiation of human MSC towards the osteogenic lineage \[[@R40]\]. Global changes in gene expression during the onset of differentiation were associated with a decrease in proliferation and up-regulation of genes involved in osteoblast function \[[@R41],[@R42]\]. The differentiation process induces changes in histone methylation and acetylation. It is important to note that although global epigenetic changes were indeed detected during differentiation, these changes were not always linked to changes in gene expression. These epigenetic changes not linked to variations in gene expression were proposed to be part of a pre-patterning mechanism, poising genes for activation or repression in preparation for later parts of the differentiation program.

It has been shown that induction of differentiation is associated with genome-wide loss of histone acetylation, while levels of histone methylation remain practically unchanged \[[@R40]\]. Interestingly, analysis of the methylome of MSC from different origins (adipose tissue, muscle and bone marrow) showed that regardless of their source, MSCs share similar genome-wide methylation patterns and that most of the promoters involved in lineage-specification were hypomethylated in all the different types of MSCs analyzed. The hypomethylated regions harbored a combination of trimethylated H3K4 and H3K27. This could reflect a wide choice of cell fates. On the contrary, early developmental genes were DNA hypermethylated and this could be accompanied or not with H3K27 methylation, another silencing mark \[[@R40]\].

When this genome wide analysis was focused on global DNA methylation, they found altered methylation in a very low percentage of the CpG sites analyzed (1,273 sites of 450,000 sites analyzed) \[[@R40]\]. Therefore, DNA methylation remains relatively constant during MSCs osteogenic differentiation and does not seem an important factor, quantitatively speaking, although these small methylation variations could have great impact in the differentiation process. Interestingly, the differentiation process of MSCs into a specific cell type seems to involve less epigenetic changes, at least regarding DNA methylation, than the differentiation of pluripotent cells into multipotent committed progenitors \[[@R43]\].

3.1. Histone Modifications
--------------------------

Chromatin refers to the state in which DNA and histones are packaged within the eukaryotic nucleus. Chromatin is formed by nucleosomes, a basic repeating unit consisting of 147 bp of DNA wrapped around an octamer of two molecules each of histones H2A, H2B, H3 and H4.

The degree of chromatin packaging greatly determines whether a given DNA sequence is or not available to be targeted by a specific transcription factor. The loosely packaged chromatin, known as "euchromatin", facilitates the accessibility of transcription factors to the DNA and therefore, gene transcription. On the other hand, tightly packaged chromatin, also called "heterochromatin", would block gene expression by physically impeding the access of transcriptional regulators to the DNA.

The chromatin conformation would be altered in response to covalent post-translational modification of the flexible N-terminal histone tails that protrude from the nucleosomes. The complexity of these modifications depends not only on the amino acidic residue modified, but also on the type of chemical group added. These modifications include acetylation, methylation, phosphorylation, ubiquitylation and SUMOylation amongst others \[[@R21],[@R44]\]. In general terms, histone modifications can be classified into those that correlate with transcriptional activation (such as acetylation and phosphorylation) and those related to transcriptional repression (such as methylation, ubiquitilation and SUMOylation). Euchromatin, the more open and relaxed form of the chromatin is, in general, rich in acetylated lysine residues, such as acetylated histone 3 lysine 4 (H3K4Ac) or acetylated lysine 9, (H3K9Ac), while the more compacted form of chromatin, heterochromatin, presents low levels of acetylation and high levels of histone methylation, such as trimethylated H3K9 (H3K9m3) or trymethylated H3K27Me (H3K27m3) \[[@R45]-[@R47]\] although methylation of H3K4 is normally related to gene activation. Different modifications would work in a coordinated way to induce structural changes in the chromatin and therefore modify the accessibility of transcription factors to regulatory sequences, allowing the regulation of gene expression in a time and tissue-specific manner. This is known as the "Histone Code Hypothesis" \[[@R21]\].

### 3.1.1. Histone Acetylation and Deacetylation

One of the most studied epigenetic factors is histone acetylation. The transfer of an acetyl group from an acetyl-CoA molecule to specific lysine residues located at the histone tails is catalysed by histone acetyltransferases (HATs), whereas the opposing effect, the elimination of an acetyl group from a lysine residue is catalysed for the histone deacetylases (HDACs) (Fig. **[3A](#F3){ref-type="fig"}**). When this transfer occurs, the acetyl group neutralizes the positive electric charge of the lysine residue and thus relaxes the interaction of the histone tail with the DNA, which is negatively charged, a process defined as "nucleosome opening". The chromatin structure, once relaxed, makes the DNA accessible for different transcription factors or the transcription machinery. In addition, this acetylated residue could also act as a docking site for regulatory factors that recognise acetylated lysine residues trough a specific domain called bromodomain. The level of acetylation at the histone tails, thus depends on the balance between the activities of HDACs and HATs \[[@R21]\].

The analysis of the global epigenetic changes occurring during osteogenic differentiation of hMSCs, revealed that induction of differentiation produces a genome-wide reduction of the levels of acetylated H3K9 and H3K27 \[[@R40]\], although these reduction was considerably less important when the analysis was restricted only to regions surrounding gene promoters (Fig. **[3A](#F3){ref-type="fig"}**). Reduction in acetylation occurred at genes involved in gene regulation, cellular survival, growth and proliferation. Other authors have also found a reduction in histone acetylation accompanying the differentiation of hMSCs into myocytes, adipocytes, astrocytes or oligodendrocytes \[[@R48]-[@R50]\]. These results suggest that histone deacetylation might be a common step in cellular differentiation and could be related to condensation of chromatin at specific regions to restrict transcription and differentiation potential into other cell lineages. This study also corroborated that the few genes whose transcription was activated during differentiation were enriched in acetylated histone marks \[[@R40]\].

HDACs are classified into four different classes. Class I includes HDACs from 1 to 4. Class II includes HDACs from 5 to 10. Class III includes Sirtuins (Silent Mating Type Information Regulation 2 Homolog) 1 to 7, a special type of HDACs dependent on Nicotinamide adenine dinucleotide (NAD), and finally, only one member, HDAC11, would define Class IV.

Several studies regarding the role of histone acetylation in the control of osteogenesis used inhibitors of HDACs whose effect leads to an important increase in the histone acetylation levels (hyperacetylation).

While *in vitro* inhibition of HDACs in MSCs derived from umbilical cord or adipose tissue with valproic acid or sodium butyrate, leads to a decrease in chondrogenic or adipogenic differentiation, these treatments seem to have a positive effect on osteogenic differentiation \[[@R51]\]. Similarly, trichostatin, another HDAC inhibitor, was shown to increase osteoblast maturation and calcium deposition in cultures of bone marrow derived MSCs \[[@R52]\]. Interestingly, Cho *et al.* (2005) showed that treatment with valproic acid, leading to histone hyperacetylation, induced osteogenic differentiation and subsequent up-regulation of osteogeneic genes (*OSX*, *OPN*, *RUNX2* and *BMP-2*) in adipose and bone marrow derived MSCs. However, treatment of the same cells with a structural analogue of valproic acid lacking HDAC inhibitor activity did not show this osteogenic induction, clearly indicating that the effect of valproic acid as an inductor of osteogenesis was directly related to its HDAC catalytic activity. This HDAC inhibitor has also been shown to trigger the proliferation of MSCs \[[@R53]-[@R55]\]. Similarly to what has been described in human MSCs, *in vitro* treatment of rat adipose-derived MSCs with trichostatin promotes osteogenic differentiation, an effect that seemed to be mediated by an increase of histone acetylation at the *RUNX2* promoter (suggesting *RUNX2* up-regulation), and was also dependent on BMP signalling \[[@R56]\]. Overall it seems clear that treatment with HDAC inhibitors, and therefore histone hyperacetylation, promotes osteogenic differentiation in MSCs and that increase in histone acetylation at *RUNX2* and its subsequent activation plays a key role in this response.

Although the effect of HDAC inhibitors over MSCs osteogenic differentiation *in vitro* seems to be consistent, the results using these inhibitors *in vivo* are controversial and seem, to an extent, determined by the mouse strain used \[[@R57],[@R58]\] or by the state of the immune system of the subject. Valproate overall was shown to reduce BMD in young rats \[[@R57]\] and mice \[[@R58]\]. While in some cases the treatments led to an increase in osteocalcin in serum, this was not related to any change in osteoblast activity \[[@R58]\]. Mice treated with SAHA (suberanilohydroxamic acid), another HDAC inhibitor, also displayed a decrease in the volume of trabecular bone \[[@R59]\]. Opposing these results, in other studies, mice treated with SAHA showed increased local osteoblast activity and increased mineral apposition and bone formation rate following treatment \[[@R51],[@R55],[@R60]\] suggesting that this HDAC inhibitor can cause bone loss even while increasing the activity of mature osteoblasts \[[@R59]\].

In mice, knock down of *HDAC4* in chondrocytes leads to an increase in bone formation, an effect correlated with an increase in RUNX2 activity \[[@R61]\]. However, more recently, other results have appeared pointing to a negative effect of some HDACs depletion on bone formation. Conditional knock out of *HDAC3* in mice was shown to interfere with bone formation and promote adipogenesis \[[@R62]\]. These results are clearly opposed to those obtained in several *in vitro* studies \[[@R55],[@R63]-[@R65]\]. Thus, there is a clear discrepancy between the effects of *HDAC3* abrogation *in vitro* in osteoblast cell lines (activation of osteoblastogenesis) and the *in vivo* deletion of *HDAC3* in osteoprogenitor cells expressing OSX (decreased osteogenic activity and bone loss). A possible explanation for these contradictory results is that contrary to the permanent effect of a genetic deletion, HDACs inhibitors have short half-lives in serum and might induce only temporal changes in chromatin structure and gene expression. Besides, whereas non-proliferating cells would be resistant to the toxic effects of HDAC inhibitors they would still be susceptible to *HDAC3* deletion \[[@R66]\]. While the different outcomes of HDAC deletion could be explained based on the previous explanations and in the fact that those studies used different cell types, further work needs to be done in order to clarify this issue.

The role of HDACs inhibitors on bone formation in humans is also somehow arguable. Patients suffering for some neurological conditions (epilepsy, mood disorder and bipolar disease) treated with valproic acid showed an important decrease in bone mass \[[@R59]\], whereas in other studies, markers of bone resorption after valproate treatment were reported to decrease, increase or even be unaffected \[[@R67]-[@R69]\]. The disagreement between these studies was attributed to the fact that general HDAC inhibitors, such as valproate, could target a wide range of HDACs with different specificities or could have an effect in enzymes others than HDACs. Besides, since this analysis was done in patients suffering from diverse neurological conditions, the authors considered that the results could have also been impacted by the different cohorts of patients analysed \[[@R59]\].

Sirtuin 1, a member of HDAC Class III family, encoded by the *SIRT1* gene, has been recently shown to be a key regulator of bone mass due to its role as an inhibitor of sclerostin expression. Sclerostin, encoded by the *SOST* gene, interferes with the Wnt signalling pathway by binding to LPR5/6 receptors and therefore has a negative effect on bone formation. Sirtuin1 protein represses the expression of the *SOST* gene by means of H3K9 deacetylation at the *SOST* promoter (Fig. **[3B](#F3){ref-type="fig"}**). Cohen-Kfir *et al.* (2011) showed that mice in which a copy of the *SIRT1* gene had been deleted displayed a reduced osteoblast activity leading to a reduced bone mass \[[@R70]\], an effect probably mediated by an increase in the levels of sclerostin.

Several works analysing the epigenetic regulation of osteogenic genes have focused on the regulation of *OCN* expression. The *OCN* promoter has, when active, high levels of the acetylated histones H3 and H4 \[[@R71],[@R72]\]. The activation of this gene depends on an active acetylation of these residues as well as on a decrease in DNA methylation \[[@R71],[@R73],[@R74]\]. It has also been shown that vitamin-D dependent activation of *OCN* is mediated by nucleosome remodelling favouring transcriptional activation \[[@R75]\]. Following these structural changes at the *OCN* promoter, a protein complex containing RUNX2 as well as other chromatin remodelling factors would bind the *OCN* promoter to induce its activation \[[@R76],[@R77]\] (Fig. **[3C](#F3){ref-type="fig"}**). Although the transcriptional co-activator p300 has been shown to interact with RUNX2 at the *OCN* promoter, its HAT catalytic activity was not found to be responsible for the increase in histone acetylation preceding *OCN* transcriptional activation, as the increase of *OCN* expression in the presence of p300 was not abolished when a catalytically death version of this HAT is used \[[@R72]\]. However another HAT, PCAF (p300/cyclic AMP receptor element-binding protein associated factor) is able to interact with p300 to promote *OCN* expression and was suggested to be responsible of the HAT mediated activation of *OCN* expression \[[@R72]\]. Indeed it has been recently demonstrated, that PCAF can interact and acetylate RUNX2 leading to an increase of osteogenic markers expression and mineralization \[[@R78]\]. It has been suggested that the enhanced RUNX2 activity after its acetylation by PCAF could be due to an increase in its DNA binding capacity.

Many HATs are actually lysine acetyl transferases as they are able to acetylate other non-histone proteins modulating their activity. Jeon *et al.* (2006) showed that BMP2-mediated induction of osteogenesis requires the acetylation of RUNX2 by p300 and that RUNX2 activity is inhibited by HDAC4/5. This acetylation increases RUNX2 activity and inhibits degradation of RUNX2 by SMURF1 (Fig. **[3C](#F3){ref-type="fig"}**). When RUNX2 is deacetylated by the action of HDAC4 and HDAC5, this allows the ubiquilitation of Runx2 by Smurf and its subsequent degradation \[[@R79]\]. Therefore, the activity of RUNX2 is tightly controlled by the equilibrium between the activities of HAT and HDACs.

It is important to highlight that there are other HATs, including MOZ and MORF \[[@R80]\], that have been shown to interact with RUNX2 and could have a role in osteogenic differentiation either by modulating the activity of the ostegenic master regulator RUNX2 or by directly acetylating histones at their target promoters.

### 3.1.2. Histone Methylation

Histone methylation can occur in lysine or arginine residues located at the histone tails \[[@R21]\]. Depending on the residue methylated, this epigenetic signal could be related to gene activation (methylation of H3K4), or to gene repression (methylation of H3K27 or H3K9). If these two types of modifications take place at the same promoter region (something known as a "bivalent mark") the gene in question would be in a poised state, a phenomena reported in pluripotent stem cells \[[@R81]\].

The level of methylation at the histone tails is governed by the opposing activities of histone methyltransferases (HMTs) and histone demethylases (HDMTs).

There are two main families of HMTs with opposite activities. The Polycomb (PcG) family, carries out the methylation at lysine 27 of histone H3 (H3K27), a mark, as we previously mentioned, linked to gene silencing. The other group, known as the Trithorax (TrxG) family, methylates H3K4, a mark related to gene activation (Fig. **[4B](#F4){ref-type="fig"}** and **4C**). Enhancer of Zeste 2 (*EZH2*) is a member of the PcG family and a component of the Polycomb repressor complex 2 (PRC2). This protein catalyzes the di-and tri- methylation of the lysine 27 at Histone H3 (H3K27me2 and H3K27m3) a modification that would be later recognized by the Polycomb repressor complex 1 (PRC1) leading to the transcriptional repression of the targeted genes. Wei *et al.* (2011) \[[@R82]\] found that the HMT EZH2 has a key role in the inhibition of MSC differentiation. *EZH2* targets the promoter of RUNX2 and promotes its inactivation, by means H3K27 methylation. EZH2 can be inactivated through of CDK1 dependent phosphorylation that disrupts its binding with the rest of components of the PcG complex. CDK1 is one of the major kinases controlling the transition from the G2 to the M phase of the cell cycle and has a key role in regulating proliferation and lineage specification in stem cells \[[@R83]\]. EZH2 inactivation by CDK1 leads to the reduction of the H3K27me3 at the *RUNX2* promoter, its subsequent activation, and therefore, the triggering of osteogenic differentiation. Therefore, CDK1 and EZH2 have a key role in osteogenic differentiation of MSCs.

Global analyses of the epigenetic changes undergone during osteogenic differentiation of hMSCs have shown that total levels of H3K4m3 and H2K27m3 remained mostly unchanged during differentiation (Fig. **[4A](#F4){ref-type="fig"}**). However, when the analysis was restricted to regions surrounding gene promoters they found that, although no changes were detected again for the H3K4m3 mark, the silencing mark H3K27m3 was overall enriched at these promoter regions, coinciding with the decrease in histone acetylation mentioned in the previous section. Changes in H3K27m3 affected only a few differentially expressed genes. However, this mark was found to be enriched mainly in promoters of genes involved in neurogenesis suggesting that the neurogenic potential of hMSCs is

restricted once osteogenic differentiation has been initiated. Actually, the majority of craniofacial bones are generated during embryogenesis from cranial neural crest cells but this potential is suppressed in more posterior neural crest cells by the action of hometotic (HOX) genes. A recent work highlighting the role of EZH2 in osteogenesis has shown that craniofacial bone is fully prevented in Ezh2 conditional knockout mice due to in an important up-regulation of HOX genes transcription in neural crest cells, (Fig. **[4B](#F4){ref-type="fig"}**) showing that the development of craniofacial bones in mammals also depends on epigenetic mechanisms \[[@R84]\].

Members of the TrxG groups, such as the Histone methyltrasnferases MLL1 and MLL2, antagonize the action of PcG proteins, such as EZH2, and therefore work as activators of genes expression. They catalyzed the di and tri- methylation of H3K4, an activation mark. In humans, the TrxG complexes contain one of the MLL proteins and a core module consisting of four proteins (WDR5, RBbp5, Ash2 and DPY-30) (Fig. **[4C](#F4){ref-type="fig"}**). All members of the complexes are essential and loss or malfunction of any of the subunits of the complex results in a decrease on H3K4 di- and tri-methylation. Nayak *et al.*, \[[@R85]\] have recently shown that inactivation of

the SUMO-specific isopeptidase SENP3 leads to an important downregulation of genes belonging to a specific subfamily of HOX genes, the DLX genes. One of the members of this family, DLX3 (Distal-less Homeobox 3) was shown in the same work to regulate the differentiation of dental follicle stem cells (DFSCs) into mature osteoblast by controlling RUNX2 expression (Fig. **[4C](#F4){ref-type="fig"}**). This group showed that SENP3 catalyzes the de-SUMOylation of RbBP5 one of the core proteins of the TrxG complexes. This step is crucial to have a functional TrxG complex, and therefore, deletion of SNP3 leads to a decrease in the methylated H3K4 levels at the DLX3 promoter and a decrease in the presence of RNA Polymerase II at that promoter. The deficient activation of DLX3 thus translates into a deficient activation of Runx2 and ultimately to a defective osteogenic differentiation \[[@R85]\] (Fig. **[4C](#F4){ref-type="fig"}**).

The opposite reaction to histone methylation, that is the removal of methyl groups from specific lysine residues at the histone tails, is carried out by histone demethylases (HDMTs).

Several works have recently pointed to a key role of these enzymes in the decision of cell fate \[[@R46],[@R86]-[@R88]\]. An article from Fan *et al.* \[[@R89]\] studying the BCOR (BCL6-Co-Repressor) gene was one of the first works to link changes in the histone methylation levels with the ability of hMSCs to initiate osteogenic differentiation. The BCOR gene \[[@R90]\] is frequently mutated in patients with the Oculofacialcardiodental syndrome (OFCD) characterized by craniofacial abnormalities and extremely long teeth roots. The BCOR protein is able to interact with histone deacetylases and demethylases suggesting that this protein might exert its function by means of chromatin modification \[[@R91],[@R92]\]. Indeed, BCOR interacts with the JHDM1b (KDM2b) demethylase, and seems to inhibit the recruitment of JHDM1b to their target promoters and hence the demethylation of lysine residues driven by this enzyme, mainly H3K36 and H3K4. In OFCD patients, the mutated version of the BCOR gene fails to recruit JHDM1B to the promoter of the AP-2a (Activating Enhancer-Binding Protein 2-Alpha), a transcription factor essential for craniofacial development \[[@R93],[@R94]\], that mediates the elevated osteogenic capacity of MSCs from OFCD patients, this leads to an increase in H3K4m3 and the subsequent activation of AP-2a transcription, therefore explaining the appearance of some of the characteristic phenotypes of OFCD patients, such as enlarged roots of canine teeth (Fig. **[4D](#F4){ref-type="fig"}**).

Another important work from the same group, aimed to further explore the role of these enzymes in cell fate determination, analysed the expression of histone demethylases in MSCs in response to osteogenic induction mediated by BMP4/7. This group found that histone demethylases KDM4B \[[@R95]\] and KDM6B \[[@R87]\] were importantly up-regulated following osteogenic induction and that knockdown of any of these two histone demethylases either *in vivo* or *in vitro* blocked on one hand osteogenic differentiation but clearly drives adipogenic differentiation on the other hand \[[@R86]\]. Particularly, knockdown of KDM6B seemed to inhibit expression of key osteogenic proteins, such as IBSP, SPP1 and OCN. To determine whether this activity of KDM6B was directly dependent on its HDM activity, the authors developed a catalytically dead version of the protein. The mutated form of the protein, unlike its wild type version, was unable to rescue osteogenic differentiation of hMSCs in a mouse where KDM6B activity has been silenced, indicating the key role of this catatytic activity in the regulation of osteogenic gene expression. In agreement with this work, Xu *et al.* \[[@R96]\] recently found that KDM6b has a similar role in dental mesenchymal stem cells. KDM6B was recruited to the promoter of the bone morphogenetic protein 2 (BMP2), leading to the removal of H3K27m3 marks and therefore inducing its activation \[[@R86]\].

Bone morphogenetic proteins (BMPs) are known to drive cell fate towards osteogenesis. Although initial reports led to the idea that BMPs inhibited adipogenic differentiation \[[@R97]\] there is some works reporting some positive effects of BMPs on the adipogenic differentiation under certain conditions \[[@R98]-[@R101]\]. The further progression into osteogenesis induced by BMP induction is mediated by SMAD activation, that would, in turn drive the activation of osteogenic transcription factors, such as RUNX2 and Osterix (OSX). On the other hand, the induction of adipogenesis mediated by BMP2 is mediated by the Smad-associated cofactor Schnurri3 \[[@R100]\] and the pre-adipocyte commitment factor zinc finger protein 423 (Zfp423) \[[@R102]\] that would, in turn, activate the peroxisome proliferator-activated receptor (PPAR), the master regulator of adipogenic genes.

A recent work by Addison *et al.* \[[@R39]\] shows that deletion of another zinc finger protein (Zfp521) that regulates lineage progression, impairs BMP-induced bone formation and induces the differentiation of MSCs towards adipose tissue formation. This is mediated by the binding of Zfp521 to the promoter of Zfp423 and subsequent increase in H3K9 acetylation and decrease of histone H3K9 methylation. Although further work would be needed in order to elucidate the particular epigenetic mechanisms driven by the binding of Zpf521 to the Zpf423 promoter these findings support previous evidence that MSCs lineage commitment is epigenetically regulated by histone modifications \[[@R86],[@R103]\].

3.2. DNA Methylation
--------------------

The methylation of the cytosine in 5′-position at a CpG dinucleotide is a well-characterized epigenetic modification \[[@R104]\]. While this epigenetic mark was initially considered to mediate stable gene silencing, recent studies have shown that the effect of DNA methylation on gene expression highly depends on the CpG density and that, promoters with low methylated CpG content can be active or inactive \[[@R105]\].

Although there is some controversy \[[@R106],[@R107]\], DNA methylation is considered by many to be the initiating event leading to the subsequent changes in the epigenome. In this context, it has been suggested that methylated DNA would recruit methyl-CpG binding proteins that would, in turn, recruit histone deacetylases (HDAC) leading to histone deacetylation and therefore gene silencing \[[@R73],[@R108]\]. On the other hand, more recent discoveries indicate that gene silencing could be initiated by histone deacetylation followed by subsequent histone and DNA methylation of the CpG islands \[[@R109]\]. It has also been proposed that both mechanisms could coexist and work depending on the cell context or genomic locus.

DNA methylation patterns are very dynamic during the development of the organism. After the methylation patterns of the gametes are erased during blastocyst formation, DNA methylation is extensively reprogrammed, up to the post-implantation epiblast, through the activity of the "de novo" DNA methylatransferases DNMT3a and DNMT3b \[[@R22],[@R110]\]. Mutations in *DNMT3* are associated with a rare syndrome called "Immunodeficiency Centromeric Instability and Facial Anomalies type I" (ICF1). A recent work using cells from an individual suffering from this syndrome, has shown that Induced Pluripotent Stem Cells (iPs) derived from fibroblasts of this patient, exhibited global loss of non CG methylation and selective hypomethylation at centromeric regions, specific gene promoters and enhancers. These hypomethylated regions were preserved even when the iPs were differentiated into MSCs \[[@R111]\] and were similar to those found in ICF1 somatic cells, indicating the existence of a specific methylome defects in ICF1 cells. These results also underscore the importance of DNMT3-mediated DNA methylation in the establishment of a correct methylation pattern. A different DNA methyltransferase, DNMT1 would be in charge of maintaining and propagating the methylation patterns through mitosis by reproducing methylation patterns from a hemi-methylated substrate after DNA replication \[[@R22]\]. Inactivation of this enzyme in mice results in loss of genomic imprinting and leads to early embryonic lethality, showing the importance of this protein for development \[[@R112],[@R113]\]. Although reduced DNMT1 activity might be expected to lead to global demethylation, loss of DNMT1 *in vitro* only induces demethylation of a subset of key genes \[[@R114],[@R115]\]. In support of this idea, a recent work has demonstrated that OCT4 and NANOG bind to the *DNMT1* promoter to cooperatively induce its expression and to maintain the methylation of genes associated with senescence and developmental regulators \[[@R116]\] (Fig. **[5](#F5){ref-type="fig"}**).

High-throughput analysis of the methylome of MSCs derived from different adult tissues has revealed that there is a core of 1755 hypermethylated genes shared by all the hMSCs independently of the source tissue, supporting a common origen of all these cells. This set of hypermethylated genes was enriched in early developmentally regulated genes and probably reflects the functional blocking of older developmental programs that are not longer enabled \[[@R117]\]. Interestingly, it has also been recently shown, that, independently of the developmental lineage they specify, most of the promoters of genes whose expression is related to specific cell types are hypomethylated \[[@R43]\], even though the nature of the MSCs analysed preclude their differentiation into some of those lineages. This clearly suggests the existence of a transcriptionally permissive state in hMSCs that is not necessarily related to their differentiation potential \[[@R118],[@R119]\].

Many of the evidences regarding the involvement of DNA methylation in the differentiation resulted from studying the effects of demethylating agents. One of them, 5-aza-citydine (AzadC), is incorporated in DNA during cell proliferation instead of endogenous cytosine, inhibiting DNMT1 activity and therefore, reducing DNA methylation \[[@R120],[@R121]\]. Indeed, it has been demonstrated that treatment of hMSC derived from adipose tissue of aged individuals with AzadC induces proliferation and increases osteogenic potential of those cells \[[@R122]\]. In the same direction, Zhu *et al.* (2014) recently published a work showing that the osteogenic capacity of hMSCs obtained from umbilical cord was enhanced in absence of the methyltransferase DNMT3b when the cells are exposed to factors inducing osteogenesis \[[@R123]\].

As previously stated, stemness genes such as OCT4 and NANOG are hypomethylated in undifferentiated stem cells but became highly methylated during differentiation \[[@R124],[@R125]\]. Besides NANOG and OCT4, Berdasco *et al.* (2012) have described the regulation by DNA methylation of PIWIL2, (Piwi-like RNA-Mediated Gene Silencing 2), another gene involved in stem cell maintenance \[[@R126]\]. In addition to the methylation of stemness genes, the differentiation potential of MSCs seems to be restricted through the methylation of other lineage-specific promoters \[[@R118]\]. Importantly, Boquest *et al.*(2007) \[[@R118]\] found that the methylation state of adipogenic genes in adipose MSCs was more permissive than that of endothelial genes, such as *CD31* or *CD144*. The methylated state of *CD31* and *CD144* in undifferentiated adipose-derived hMSCs suggest an important limitation in their endothelial potential. Indeed, when these cells are grown under conditions that promote endothelial differentiation, there is only a minimal decrease in DNA methylation and a marginal up-regulation of CD31 and CD144. Thus, CpG methylation profiles in undifferentiated hMSCs may dictate lineage-specificity of differentiation. This restriction in their differentiation potential would obviously limit their therapeutic applications. In order to establish if these differential potentials of hMSCs are the result of differences in their epigenetic profiles, Aranda *et al.* (2009) established a relation between the different levels of cell differentiation and their epigenetic signatures using genome-wide approaches \[[@R127]\]. This group analysed the histone modifications and DNA methylation marks at pluripotency and differentiation genes in ES cells, multipotent adult progenitor cells (MAPCs) and MSCs and Multipotent Adult Stem Cells (ADSC). Their analysis showed that the cells with greater differentiation potential (ES cells) showed a profile with higher epigenetic repression of differentiation genes both at the level of DNA methylation and histone modifications. This contrasted with the epigenetic profile of MSCs and ADSC, where genes controlling differentiation showed active epigenetic profiles. Interestingly, MAPC had an intermediate profile with only the presence of repressive histone modifications, but not associated with DNA methylation at the differentiation genes. This interesting work clearly shows that the loss of potential is correlated step by step to the acquisition of epigenetic marks at the differentiation loci.

The significance of promoter methylation in osteoblast-specific gene regulation is underscored by recent studies showing that the expression of *RUNX2*, *DLX5*, *OSX*, *OCN*, *RANK*, *ALPL*, *SOST* and *OPG* \[[@R74],[@R128]-[@R133]\] correlates with their promoter methylation status. In agreement with these previous works, Zhou *et al.* (2009) described that treatment of MSCs with AzadC prior to their culture in osteogenic media significantly promoted osteogenic differentiation, as determined by increased Alkaline Phosphatase (ALPL) activty, and increased mineralization. This was also accompanied by enhanced expression of osteogenic genes (*DLX5, RUNX2, COL1a1, OSX,* and *OCN*) and correlated with a decrease in methylation of genomic DNA \[[@R134]\].

DNA methylation is catalized by DNA-methyltrans- ferases and depends on the presence of a methyl donor, normally S-adenosylmethionine (SAM). SAM is a key molecule for mammalian cells since a reduced level of SAM leads to a reduced activity of methyltransferases and the subsequent demethylation of a variety of molecules. Different methyltransferases regulate the incorporation of methyl groups in molecules other than DNA, including proteins \[[@R135],[@R136]\], lipids \[[@R137]\], mRNA \[[@R138]\], and other small molecules \[[@R139]\]. As described in the previous section, methylation of lysine or arginine residues located at the histone tails can induce or repress gene expression, but also the activity of non-histone proteins can be regulated by methylation. In accordance to previous works, Vaes *et al.*(2010) \[[@R140]\] described that periodate oxidized adenosine (ADOX), an inhibitor of SAM-dependent methyltransferases, increases osteogenic gene expression under normal culture conditions, similar to the effect described for Aza-dC. However, they showed that under differentiation conditions ADOX inhibits appropriate osteoblast gene expression. In contrast with the effects of AzadC and ADOX on mRNA expression under non-osteogenic conditions, under induction of osteogenic differentiation, ADOX-repressed BMP2-induced mRNA levels of Alp, Osx and Ocn, all genes downstream of Runx2. However, expression of the early inducers of osteogenesis Dlx5 and Msx2 (upstream of Runx2) and mRNA and protein expression of Runx2 itself remained unchanged by ADOX. These results suggest that RUNX2 activity depends on methyltransferase activity. Therefore, global SAM-dependent demethylation leads to impaired osteoblast differentiation despite the fact that DNA hypomethylation can increase mRNA levels.

Overall it seems clear that the differentiation of MSCs into osteoblast requires an active DNA demethylation. Zhang *et al.* (2011) \[[@R130]\] revealed that the demethylation of CpG regions at the promoters of osteogenic genes and the subsequent increase in their expression levels was associated to a transcriptional up-regulation of the Growth Arrest And DNA-Damage-Inducible, Alpha (GADD45A) protein. Indeed, knockdown of Gadd45a by means of an shRNA inhibits the DNA demethylation of osteogenic gene promoters, leading to an up-regulation of their expression under differentiating culture conditions. Recent data suggests that Nucleotide Excision Repair (NER) is involved in the demethylation of osteogenic gene promoters. According to the mechanism described by Schmith *et al.* (2009) \[[@R141]\] for the TAF12 promoter, GADD45A can be recruited to a specific promoter DNA and then trigger its demethylation by recruiting the NER complex. The hypomethylated state of the promoter would then allow for the binding of RNA polymerase I, and the transcription of RNA.

4.. ENVIRONMENTALLY-INDUCED EPIGENETIC CHANGES
==============================================

It is well known that skeletal growth can be modified by environmental factors, such as nutrition and physical activity. Recent studies provided mounting evidence that the effect of these environmental factors on bone metabolism is mediated by epigenetic factors.

While nutri-epigenetic studies have been focused on the effect of nutrition during pregnancy and breastfeeding, there is also evidences pointing to an effect of some nutrients on epigenetic programs during adulthood \[[@R142]\]. Of all nutrients influencing bone metabolism, calcium is probably the most studied. The effect of calcium on BMD could be reflecting changes in the epigenetic pattern of genes regulating bone metabolism. Indeed a recent study shows that calcium can act regulating the activity of DNMT3b and DNMT1, and to a lesser extent of DNMT3a \[[@R143]\].

Although nutritional factors have an influence on bone metabolism, probably the most important factor affecting skeletal growth is fluid shear stress tension. Fluid shear stress \[[@R144]\] and compression \[[@R145]-[@R147]\] can influence osteogenic differentiation. Pressure and fluid flow-induced shear stress may be the dominant mechanical stimuli for mesenchymal stem cells (MSCs) within the bone marrow \[[@R148]\], while tension and compression are suspected to be more important in the periosteum. There is evidence that bone marrow-derived MSCs increase the expression of Osteopontin (OPN) and OCN twenty-four hours after fluid flow compared to static controls \[[@R149]\]. In the last few years there has been increasing interest in the study of how mechanical signals could alter the epigenetic status of key osteogenic genes and therefore have a key role in mechanotransduction, that is, the process by which cells convert physical stimuli into biochemical responses. Arnsdorf *et al.* (2010) \[[@R150]\] showed for the first time that the mechanical microenvironment is able to induce epigenetic changes. In this study they designed a novel protocol to promote MSCs differentiation by the application of a mechanical stimulus. They described and increase in OPN expression levels in MSCs subjected to dynamic fluid flow stimulus, and this increase in expression levels was related to a decrease in the DNA methylation at a specific region in the OPN promoter. Importantly, Mechanical stimulation can also induce epigenetic changes in human MSCs through a different epigenetic mechanisms, that is, by altering the histone acetylation levels \[[@R151]\]. MSCs subjected to mechanical strain had a reduced histone deacetylase (HDAC) activity and therefore showed overall higher levels of histone acetylation.

5.. FUTURE PERSPECTIVES
=======================

It seems clear that owed to their ease of isolation and characteristics, the future treatment of bone diseases relies on the use of hMSCs. To be able to use these cells successfully, it is necessary to be able to define and tightly control the conditions that promote their differentiation, including the epigenetic changes involved. The investigations overtaken during the last decade have been crucial to make a progress in this direction. Understanding the epigenetic mechanisms governing MSCs differentiation is crucial to maintain stemness. In addition, understanding these epigenetic changes would ultimately allow us to use chemical agents to promote or avoid specific epigenetic modifications thus, controlling the differentiation process.

It seems now widely accepted that the use of *in vitro* differentiated MSCs has more advantages for their therapeutic use than the use of MSCs in their undifferentiated form. However, there are increasing evidences indicating that MSCs might experiment some loss of potential or premature senescence during *in vitro* culture, which would seriously hamper their use for therapeutic porpoises. The changes taking place in culture might be a reflection of epigenetic deregulation and therefore are also susceptible to be controlled. Although some techniques like the use of 3D spheroid culture instead of monolayer culture seems to somehow ameliorate this loss of potential during *in vitro* culture, future efforts should be aimed to unravel the cause of these changes and develop techniques in order to preserve MSCs properties during *in vitro* culture.
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![**The multipotency of Mesenchymal Stem Cells.** Mesenchymal Stem Cells (MSCs) are capable of self-renewing to produce more hMSCs but also, of dividing asymmetrically producing lineage-committed progenitors that will differentiate into the required cell types. hMSCs are able differentiate in a variety of cell types of mesodermal germ layer, such as adipocytes chondrocytes and osteoblasts, but they can also differentiate into endodermal and ectodermal cells types through a process known as "transdifferentiation".](CG-16-368_F1){#F1}

![**Bone homeostasis and osteoporosis.** The maintenance of bone over time requires a balance between bone formation and bone breakdown (resorption). This is accomplished by the bone-forming cells and bone-resorpting cells acting in a coordinated fashion. The onset of osteoporosis is produced by deregulation of the balance between bone-forming cells (osteoblasts) and bone-resorpting cells (osteoclasts). This disease is characterized by an increase of the osteoclastic activity together with a deficient activity of the osteoblast and an increase of the number of these cells suffering apoptosis. The low bone-forming activity of the osteoblasts in osteoporosis could be a result of a defect in the differentiation of the progenitor MSCs that would preferentially differentiate into adipocytes, producing the effect known as "fatty bone marrow" in osteoporotic individuals.](CG-16-368_F2){#F2}

![**Role of histone acetylation in hMSCs differentiation into osteoblasts.** (A) Differentiation of hMSCs into osteoblasts produces a genome-wide reduction of the levels of acetylated H3K9 and H3K27, together with an increase in the histone acetylation at the promoters of osteogenic genes. (B) Sclerostin, the product of the SOST gene, binds to the LPR5/6 receptors inhibiting the activation of the wnt pathway and therefore, osteogenic differentiation. HDAC SIRT1 would activate osteogenesis by deacetylating SOST promoter and thus, inhibiting its expression. (C) Activation of OCN is mediated by an active (acetylated) RUNX2 protein and by the acetylation of histones at its promoter, mediated by the HAT p300.](CG-16-368_F3){#F3}

![**Role of histone methylation in hMSCs differentiation into osteoblasts.** (A) Total levels of H3K4m3 and H2K27m3 remain mostly unchanged during differentiation however the silencing mark H3K27m3 was overall enriched at regions surrounding the promoter regions. (B) Polycomb repressor complexes 1 and 2 (PCR1 and PCR2) catalyse the H3K27 methylation leading to gene silencing. (C) BCOR interacts with the KDM2b) demethylase, and inhibits its recruitment to their target promoters and hence the demethylation of lysine residues driven by this enzyme, mainly H3K36 and H3K4. (D) MLL genes, belonging to the Trithorax family, methylate H3K4 leading to gene activation. (E) BMP-induced bone formation is mediated by the binding of Zfp521 to the promoter of Zfp423 and subsequent increase in H3K9 acetylation and decrease of histone H3K9 methylation.](CG-16-368_F4){#F4}

![**Role of DNA methylation in hMSCs differentiation into osteoblasts.** HMSCS differentiation requires both the activation of genes involved in the developing of a specific cell type and the suppression of genes responsible for cell stemness. OCT4 and NANOG bind to the DNMT1 promoter to cooperatively induce its expression and to maintain the methylation of genes associated with senescence and developmental regulators.](CG-16-368_F5){#F5}
